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ABSTRACT
The Galactic center (GC) lobe is a degree-tall shell of gas that spans the central degree of our
Galaxy. It has been cited as evidence for a mass outflow from our GC region, which has inspired
diverse models for its origin. However, most work has focused on the morphology of the GC lobe,
which has made it difficult to draw strong conclusions about its nature. Here, I present a coherent,
multiwavelength analysis of new and archival observations of the GC lobe. New radio continuum
observations show that the entire structure has a similar spectral index, indicating that it has a
common origin. The radio continuum emission shows that the GC lobe has a magnetized layer with
a diameter of 110 pc and an equipartition field strength ranging from 40 to 100 µG. I show that
optical and radio recombination line emission are associated with the GC lobe and are consistent with
being located in the GC region. The recombination line emission traces an ionized shell nested within
the radio continuum with diameter of 80 pc and height 165 pc. Mid-infrared maps at 8 and 15 µm
show that the GC lobe has a third layer of warm dust and PAH-emission that surrounds the radio
continuum shell with a diameter of 130 pc. Assuming adibatic expansion of the gas in the GC lobe,
its formation required an energy input of about 5×1052 ergs. I compare the physical conditions of the
GC lobe to several models and find best agreement with the canonical starburst outflow model. The
formation of the GC lobe is consistent with the currently observed pressure and star formation rate in
the central tens of parsecs of our Galaxy. Outflows of this scale are more typical of dwarf galaxies and
would not be easily detected in nearby spiral galaxies. Thus, the existence of such an outflow in our
own Galaxy may indicate that it is relatively common phenomenon in the nuclei of spiral galaxies.
Subject headings: Galaxy: center — radio continuum: general — Galaxy: outflow
1. INTRODUCTION
The GC lobe is a shell of emission rising north of the
Galactic plane to a height of roughly 1◦(∼140 pc at 8 kpc
Reid 1993). As shown in Figure 1, it spans the central
degree of the GC region, a region noteworthy for a mas-
sive black hole, star clusters, and exotic objects (Ghez et
al. 2005; Figer et al. 1999; Yusef-Zadeh & Morris 1988).
It was discovered in a 10 GHz radio continuum survey
of the GC region (Sofue & Handa 1984). The discov-
ery observations measured a thermal spectral index at 10
GHz, implying that it had an ionized mass of 4×105 M
(Sofue 1985). The shape and location of the shell mo-
tivated several models for its formation, including star-
burst (Chevalier 1992), AGN (Melia & Falcke 2001), and
magnetodynamic effects (Uchida et al. 1985).
Each model for the formation of the GC lobe has im-
portant implications for our understanding of galactic
nuclei. If it is formed by a starburst, it tells us about the
star formation history of the GC region. Is such activ-
ity episodic (Stark et al. 2004) or persistent (Figer et al.
2004)? If the GC lobe was formed by a jet, it would tell
us that Sgr A* can sometimes have powerful outflows, as
opposed to its relatively quiescent current state (Markoff
2005). Knowledge of such activity would have implica-
tions for AGN feedback in galaxy evolution (Hopkins et
al. 2005). The presence of magnetodynamic effects in
the GC region would alter our interpretation of the en-
ergetics of outflows in other galaxies (Shibata & Uchida
1987).
However, later observations complicated the interpre-
tation that the GC lobe was an outflow in the GC region.
Radio continuum observations measured a nonthermal
spectral index in the east (Reich et al. 1987) and ther-
mal emission in the west (Brogan et al. 2003). This was
consistent with differences in the polarization fraction
of the east and west sides of the lobe, which found the
east side much more strongly polarized (Tsuboi et al.
1986; Haynes et al. 1992). Furthermore, there was an
unusual shocked molecular cloud (named AFGL 5376)
associated only with the western half of the GC lobe, im-
plying the two halves had different origins (Uchida et al.
1990). These asymmetries between east and west sides
of the GC lobe cast doubts on the idea that it was a
coherent structure.
The idea that the GC lobe was a coherent object was
reinforced with the detection of a remarkable mid-IR
shell (Bland-Hawthorn & Cohen 2003). The Midcourse
Space Experiment (MSX ; Price et al. 2001) survey of the
Galactic center at 8 µm found filamentary structures co-
incident with the entire GC lobe. Bland-Hawthorn & Co-
hen (2003) modeled the mid-IR emission as shock-heated
dust entrained in an outflow. This model implies that the
outflow has a mass of 5× 105 M and (assuming an ex-
pansion velocity) a kinetic energy greater than 1054 ergs.
This mass and energy are comparable to those observed
in small- to moderate-sized starburst outflows (Veilleux
et al. 2005).
Despite the strong morphological evidence in radio
continuum and mid-IR observations, there are several
lingering questions about the nature of the GC lobe.
What created the shell? Could it be in the foreground to
the GC region? Can it be related to other GC objects?
To answer these questions in detail, I analyzed new and
archival observations of the GC lobe, including new ra-
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dio continuum, optical recombination line, and mid-IR
observations. Section 2 describes the results of each ob-
servation. Section 3 summarizes a few simple conclusions
about the nature of the GC lobe. The morphology and
physical conditions in the lobe show that it is a layered,
three-dimensional shell of gas in the GC region. Section
4 discusses models for the formation of the GC lobe and
how it relates to other GC objects. I find that the GC
lobe is best described as an outflow powered by current
star formation. Section 5 presents the conclusions of this
study.
2. OBSERVATIONS AND RESULTS
2.1. Radio Continuum
Law et al. (2008b) present a survey of the central two
degrees of the Galactic plane with the GBT at 3.5, 6,
20, and 90 cm. Here, I discuss the first results from this
survey related to the GC lobe, including morphological,
spectral, and other properties of the radio continuum
emission.
The 6 and 20 cm surveys covered the brightest part of
the GC lobe and are shown in Figure 1. The observed
morphology is brightest at the eastern and western edges,
but also shows a cap at the northern edge in the 20 cm
image. As discussed in Bland-Hawthorn & Cohen (2003),
the radio continuum shell is very tightly correlated with
a shell of mid-IR emission. The 6 cm image in Figure
1 shows how the emission at the edges of the GC lobe
are much broader north of b = 0.◦5, forming a forked or
fan-like structure of width ∼ 0.◦3. The distance from the
east to the west side of the GC lobe is 0.◦8, equivalent to
110 pc at the GC. The height of the GC lobe from the
Galactic plane is roughly 1.◦2, or 165 pc at the GC.
The spectral index was measured by taking slices
across the 3.5, 6, and 20 cm images convolved to the
same resolution. Law et al. (2008b) describes the spec-
tral index technique and its application to other GC ob-
jects. Figure 2 shows the locations where the spectral
index was measured in the GC lob, corresponding to the
peak flux along the eastern and western edges.
The spectral indices measured for the GC lobe at these
locations are shown in Figure 3. To get a robust mea-
surement, three different assumptions are used in these
measurements. The top two rows show the spectral index
measurement when the background was fit with a first
order polynomial. The spectral index was calculated as-
suming a background very close to the peak emission
(shown in the top row) and at the edges of the slice
(shown in the middle row). The bottom row shows a
measurement of the spectral index when a model of a
linear background plus a Gaussian is fit to the slice. All
structure in the slice that does not match this model and
does not appear to be noise (e.g., unrelated sources) is
ignored. The uncertainty in the brightness is estimated
by calculating the rms deviation of the fit residuals.
Using a range of techniques to measure the spectral
index in the GC lobe gives confidence in the trends that
are common between them. Inspecting Figure 3 reveals
several trends in the spectral index of the GC lobe.
1. The values of α6/3.5cm and α20/6cm are significantly
nonthermal, where not confused with other sources.
In the east, all spectral indices north of the Arches
(Lang et al. 2001) and south of b ∼ −0.3 are signif-
icantly less than an optically thin thermal index of
−0.1. In the west, the indices are consistent with
a nonthermal origin, except at Sgr C and AFGL
5376. 1
2. There is a clear decrease of α20/6cm at large posi-
tive latitudes in both the east and west. All three
methods show that the indices in the northernmost
three slices are nonthermal and progressively more
negative toward higher latitudes. Previous obser-
vations showed this for the eastern half of the GC
lobe (Pohl et al. 1992).
3. There is a decrease in α6/3.5cm at large negative
latitudes in the east and west. In the east, the
decrease is significant, if irregular. In the west, the
decrease is less clear, due to confusion with Sgr
C, but it appears to decrease in all three analysis
techniques.
4. α20/6cm tends to be flatter than α6/3.5cm far from
plane in the east. North of the Arches and south of
b ∼ −0.3, α6/3.5cm seems to decrease continually.
In contrast, α20/6cm seems to have a fairly regular
value of ∼ −0.3 (particularly noticeable in the top
panels of Figure 3).
5. The values of α20/6cm and α6/3.5cm are flatter near
AFGL 5376. The α6/3.5cm index is consistent with
thermal emission, but α20/6cm is significantly non-
thermal. The middle panels show that α20/6cm is
thermal, but this technique generally biases the in-
dex upward in confused regions.
Figure 4 shows the flux and spectral index of a slice
across the GC lobe at b = 0.◦24 using the background-
fit technique. This slice shows that the spectral index
increases near the peak brightness; slices at all latitudes
north of the Galactic plane show the same behavior. Fig-
ure 4 also shows that the spectral index tends to increase
toward the “outside” of the GC lobe (assuming a shell
geometry). Moving eastward across the east edge and
westward across the west edge shows a slight increase in
the spectral index. Another way of saying this is that
the peak of the 6 cm emission tends to lie outside of the
20 cm emission.
From these trends, I conclude that the radio contin-
uum emission associated with the GC lobe is dominated
by synchrotron emission. This confirms the work of Pohl
et al. (1992) and extends it to include the entire radio
continuum structure of the GC lobe. I estimate the mag-
netic field using the revised equations of Beck & Krause
(2005), assuming a shell-like geometry with a path length
through the edge of 50 pc (see § 3.2), a proton-to-electron
energy density ratio relative to the filling factor (i.e.,
K/f) of 100, and integrating over energies from 10 MHz
to 10 GHz. Under these assumptions, the typical GC
lobe emission at b = 0.◦6 − 0.◦9 has a field strength of
1 These values are different from Sofue (1985), since that work
measured the spectral index from images that had been unsharp
masked (“BGF technique”; Reich et al. 1987). Since the central
degrees of the Galaxy are filled with nonthermal emission, an un-
sharp mask tends to subtract more flux at long wavelengths. This
effect likely explains why Sofue (1985) found flatter spectral index
than that shown here or in other works (Pohl et al. 1992).
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38–53 µG. For the GC lobe emission at 0.◦2 < |b| < 0.◦5,
the revised equipartition magnetic field equation is 100
µG. These minimum magnetic field strengths for the GC
lobe are similar to that estimated elsewhere in the GC
region (Reich et al. 1987; LaRosa et al. 2005).
2.2. Optical Hα
The GC region was surveyed in the hydrogen Balmer
α transition as a part of the Southern H-α Sky Survey
Atlas (SHASSA) project (Gaustad et al. 2001). Figure 5
shows the portion of that survey coincident with the GC
lobe. The arcminute-resolution map shows filamentary
emission tracing the northern part of the GC lobe. The
association of optical H-α emission with the GC lobe has
not been discussed before. What does this imply for the
origin of the ionized gas?
Law et al. (2009) find radio recombination line emission
clearly associated with the GC lobe, which constrains
the properties of its ionized gas. That works shows that
the thermal free-free emission has a maximum brightness
temperature of about 0.6 K at 4.9 GHz. The bright-
ness temperature and electron temperature constrain the
the Hα line flux (Gaustad et al. 2001), giving an upper
limit on the expected Hα flux, IpredHα . 2000 Rayleighs
(1 R = 2.41 × 10−7 erg cm−2 s−1 sr−1 for Hα). The
background-subtracted Hα line flux seen by SHASSA is
about 4 R. If optical and radio recombination lines are
coming from the same gas, the flux difference implies an
optical extinction factor of at most 500, or τHα . 6.2. For
a typical interstellar extinction law (Cardelli, Clayton, &
Mathis 1989; Madsen & Reynolds 2005, RV = 3.1), this
corresponds to a visual extinction of A(V ) . 8.7 mag. 2
Is the implied extinction consistent with expectations
for this region? Dutra et al. (2003) mapped the ex-
tinction in the central several degrees and showed that
at the north of the GC lobe, the typical extinction is
A(K) ≈ 1 mag or A(V ) ≈ 9 mag (Cardelli, Clayton,
& Mathis 1989). Considering the uncertainty in the ex-
tinction law in this region (Gossling, Bandyopadhyay, &
Blundell 2009), the known extinction is consistent with
the extinction required to explain the Hα flux. Thus,
the GC lobe’s ionized gas seen in radio recombination
line emission can also explain the coincident Hα emis-
sion. Furthermore, the sensitivity of SHASSA (∼ 2 R)
implies an extinction limit of A(V ) ∼ 10 mag for this
emission. This A(V ) is typical south of b = +1◦, which
explains why no Hα is detected from the rest of the GC
lobe.
2.3. Mid-IR Continuum
The central two degrees of our Galaxy was surveyed
with Spitzer/IRAC in four bands from 2 to 8 µm (Stolovy
et al. 2006; Ramirez et al. 2008; Arendt et al. 2008). Fig-
ure 6 shows how the Spitzer 8 µm emission correlates
with the 6 cm radio continuum emission of the GC lobe.
The correlation has been noted (Bland-Hawthorn & Co-
hen 2003), but a quantitative comparison of the various
components has not yet been done.
2 It is worth noting that the electron temperature upper limit is
unusually small and the line likely has little Doppler broadening.
If so, the predicted upper limit to the Hα flux and extinction are
likely close to the true flux and extinction.
Figure 7 compares slices across the GBT radio contin-
uum, Spitzer 8 µm, and MSX 15 µm maps. The fluxes
for slices across six latitudes are normalized and plotted
together to show the relative location of the peak flux
throughout the lobe. The Spitzer 8 µm band is domi-
nated by PAH emission features (Arendt et al. 2008), so
it traces dust column density and the UV radiation field
(Peeters et al. 2004). The MSX 15 µm band does not
have any strong PAH or line emission, so it is a good
tracer of dust continuum emission (Allamandola et al.
1989).
The slices confirm that the radio continuum and 8 µm
peaks are offset from each other, with the nonthermal
radio continuum emission inside the 8 µm emission. The
positional offset is typically 0.◦05 in the east and 0.◦1 in
the west for the range of latitudes where 8 µm emission
is seen (b = 0.◦23–0.◦68). The peak-to-peak width of the
8 µm shell is 0.◦9, which is ≈ 130 pc at the GC distance.
The right side of Figure 7 compares the MSX 15 µm
flux to the Spitzer 8 µm flux. In general, the peak of
the GC lobe structure in MSX 15 µm image is very near
the peak of Spitzer 8 µm image. Since the MSX image
shows warm dust and Spitzer image shows PAH emission,
I conclude that the GC lobe is host to warm dust and is
being irradiated by far-UV photons.
3. CONCLUSIONS ON THE NATURE OF THE GC LOBE
Here, I synthesize my new analysis with previous work,
to draw three broad conclusions about the nature of the
lobe. Each of these conclusions has been disputed before,
so it is neccessary to state them clearly before moving on
with the discussion. Using these conclusions, I derive the
physical conditions of the GC lobe.
3.1. The GC Lobe is a Single Object
The discovery of radio and optical recombination lines,
radio continuum, and mid-IR emission in the GC lobe,
all with a similar morphology, strengthens the argument
that it is a single, coherent object. The 20 cm radio
continuum and optical recombination line emission show
a clear bridge between the east and west halves of the
GC lobe near b ∼ 1◦, which rejects the possibility that
the east and west sides are unrelated phenomena.
As described in § 2.1, the 6/20 cm spectral index east
and west sides have similar, nonthermal values. More im-
portantly, the index for both edges of the GC lobe show
a similar change with Galactic latitude, with significant
steepening toward the highest latitudes. This similarity
suggests that they have a similar physical origin.
Finally, Law et al. (2009) note that the GC lobe has
radio recombination line emission with an unusually nar-
row line width. The narrow line width implies an unusu-
ally low electron temperature for the ionized gas that is
not commonly seen in typical H II regions (Afflerbach et
al. 1996). The intensity ratios of the lines detected in
the east and west of the GC lobe are similar, implying
that all the gas has a similar density and unusually low
temperature.
3.2. The GC Lobe is Composed of Layered Shells
The emission from the three components of the GC
lobe have a similar, limb-brightened morphology (see Fig.
8). All three components have a similar center longitude,
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while each component has a different edge-to-edge diam-
eter (see Table 1). This gives the appearance nested
shells of radio line emission, radio continuum emission,
and mid-IR emission.
Bland-Hawthorn & Cohen (2003) model the structure
as a shell-like “telescope dome” with a radius r, height h,
and thickness δ. Table 1 shows the best fit shell parame-
ters for five of the observations presented here.3 The shell
width, δ, is fit by simulating an idealized shell model and
convolving it with the telescope beam, B; the thickness is
only weakly constrained when it is smaller than the tele-
scope beam. The height of the GC lobe is measured in
the 20 cm radio continuum and optical Hα observations
to be about 1.◦15, or 165 pc at the GC distance. Under
the telescope dome model, the volumes of the radio re-
combination line, radio continuum, and mid-IR shells are
roughly 1.0×106, 1.9×106, and 2.8×106 pc3 (assuming
equal heights).
To test the shell model, the edge-to-center contrast is
measured for each component and compared to that of
an idealized model. I used the simulation to compare
the idealized, beam-convolved shell contrast Cideal to the
observed contrast. Table 1 shows that three of the ob-
servations agree with the idealized shell model, suggest-
ing that the structure seen at those wavelengths may
have an intrinsically shell-like structure. The contrast
in the GBT 20 cm continuum is lower than the model
predicts, perhaps indicating that the GC lobe is not hol-
low, but has some 20 cm emission inside. The contrast of
the GBT recombination line structure is larger than pre-
dicted, perhaps indicating that the ionized gas is clumpy
or irregular.
3.3. The GC Lobe is in the GC Region
Perhaps the strongest morphological connection be-
tween the GC lobe and the GC region is at the Radio
Arc. The present radio continuum survey has confirmed
previous work that found contiguous emission from the
east of the lobe through the Radio Arc (shown schemat-
ically in Fig. 8; Yusef-Zadeh & Morris 1988). The Radio
Arc (and other nonthermal radio filaments) are known to
be within the central few hundred parsecs of the Galaxy
from H I absorption measurements (Lasenby et al. 1989;
Roy 2003). This implies that the GC lobe is also in the
central few hundred parsecs.
Radio recombination line observations have also found
an unusually low electron temperature that implies a
high metal abundance for the ionized gas in the GC lobe
(Law et al. 2009). The high metallicity for the GC lobe
is consistent with the metallicity expected in the GC re-
gion, based on the Galactic abundance gradient (Affler-
bach et al. 1996). The detection of optical Hα emission
near the north of the GC lobe is consistent with a GC
distance to the ionized gas. Also, the thermal gas pres-
sure is similar to pressures observed in the GC region
(Law et al. 2009).
The fact that the ionized component of the GC lobe is
inside the other components suggests it is ionized from
the inside. This is consistent with a GC location, since
the ionizing flux of massive stars in the central tens of
parsecs are sufficient to ionize the gas (Law et al. 2009).
3 Parameters from the optical Hα are not included, since the
emission is extincted and more confused.
Taken together, these observations show that the GC
lobe is located in the central few hundred parsecs of our
Galaxy. Thus, the appearance of the GC lobe spanning
the central 100 pc in projection is likely to be true phys-
ically.
3.4. The Physical Conditions of the GC Lobe
Given that the GC lobe is composed of three nested
shells and is located in the GC region, I estimate several
of its physical parameters. As a crude minimum energy
required to form the GC lobe, I estimate its gravitational
potential. The brightness-weighted mean height of the
radio recombination and mid-IR emission of the GC lobe
is about 50 pc north of the plane. The gravitational
potential difference between a galactocentric radius of 1–
20 pc and 50 pc is Egr = 5× 1051 ∗ (Te/3960 K)0.61 ergs,
for the ionized gas mass (equivalent to a velocity of about
40 km s−1; Breitschwerdt et al. 1991). The minimum
energy estimate is likely to be an underestimate because
the total mass is expected to be at least twice that in
the ionized gas (Mmol > 3 × 105 M; Bland-Hawthorn
& Cohen 2003). However, the minimum energy may be
overestimated by assuming that all the mass originates
between 1 and 20 pc. The true minimum energy is likely
to be within an order of magnitude of that calculated
above.
The energy required to form the GC lobe can be es-
timated from the pressure observed throughout it. The
thermal pressure in the ionized gas is measured by the
radio recombination line observations to be P/k = 3.8×
106(Te/3960 K) K cm−3 (Law et al. 2009). For com-
parison, X-ray–emitting gas in the plane has pressures
of 1 − 5 × 106 K cm−3 (Koyama et al. 1996; Muno et
al. 2004), molecular gas velocity dispersion implies virial
pressure of 6× 106 K cm−3, and the equipartition mag-
netic field implied by the radio synchrotron emission has
a pressure of 1 × 106 K cm−3. For an adiabatically
expanding shell, the formation energy is E = γγ−1PV ,
where V is the shell volume and γ equals 5/3 if the gas
is nonrelativistic and 4/3 if relativistic (Dunn & Fabian
2004). The present observations have detected relativis-
tic (synchrotron) and nonrelativistic (recombination line)
emission from inside the shell, but have not measured
the pressure from that region; it is not clear that one
dominates the internal pressure. Assuming the volume
enclosed by the mid-IR shell of the GC lobe, the forma-
tion of the GC lobe requires (4 − 6) × 1052(Te/3960 K)
ergs, depending if it is filled with thermal or nonthermal
plasma.
This formation energy is consistent with the minimum
(gravitational) energy in the GC lobe. This energy esti-
mate does not account for energy losses (Veilleux et al.
1994) or the kinetic energy associated with the expan-
sion of the GC lobe. The kinetic energy estimate given
in Bland-Hawthorn & Cohen (2003) was about an order
of magnitude larger than this formation energy, for an
assumed expansion velocity of 100 km s−1. 4
4 Note that this previous work calculated a total mass for the
GC lobe an order of magnitude larger than the ionized mass found
in the present work. This relies on the analysis of molecular line
data that covers Galactic latitudes less than 0.◦3, in which emission
from the plane is highly confused with emission that may be from
the GC lobe (Sofue 1995).
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The upper limit on the line-of-sight expansion of the
GC lobe (. 10 km s−1; Law et al. 2009) gives a dy-
namical time, tdyn & 10 Myr, assuming constant expan-
sion velocity. If the expansion of the gas has deceler-
ated, the dynamical time will overestimate the actual
formation time. Assuming an initial expansion velocity,
vinit, decelerating to 10 km s−1, the formation time is
tform ≈ 2(∆r/50 pc)(40 km s−1/vinit) Myr. The con-
tiguous shape of the GC lobe and its modest height of
≈ 165 pc (only roughly twice the H I scale height in the
nuclear disk; Rohlfs & Braunsfurth 1982) show that it
has not blown out of the disk.
Without a measurement on the motion of the GC lobe
away from the plane, it is difficult to constrain its fate.
The line-of-sight expansion is certainly far less than the
escape velocity (vesc ≈ 900 km s−1; Breitschwerdt et al.
1991). If the energy source that created the GC lobe
continues to operate, then it may expand further or even
accelerate, depending on the history of the energy input
(Veilleux et al. 2005). If the GC lobe is formed by the
expansion of hot gas, the “escape temperature” is Tesc =
1.1× 105(vesc/100 km s−1)K ≈ 9× 106 K (Wang 1995),
which is approximately 1 keV. However, no hot, X-ray
gas has yet been found directly associated the GC lobe.
Finally, it is worth noting a possible constraint on the
angular momentum of the ionized gas in the GC lobe.
Radio recombination line velocities show a trend for the
ionized gas in the GC lobe to rotate like the disk gas (Law
et al. 2009), suggesting that the gas came from the disk
(perhaps entrained, as seen in extragalactic outflows;
Shopbell & Bland-Hawthorn 1998; Walter et al. 2002).
The gas velocity changes across the central 100 pc by 5
km s−1, as compared to molecular gas rotation of 200 km
s−1 (Bally et al. 1987; Sawada et al. 2004). In extragalac-
tic outflows, conservation of angular momentum reduces
the velocity gradient from galactic rotation during ex-
pansion (Shopbell & Bland-Hawthorn 1998; Seaquist &
Clark 2001). If this happens in the GC lobe, then the cur-
rent angular momentum implies that the gas originated
at a radius, ro ≈ 2.5 km s−1 ∗ 40 pc/100 km s−1 = 1 pc.
This value would be an underestimate of the initial ra-
dius if the gas velocities were less than ±100 km s−1(e.g.,
on “x2” orbits; Binney et al. 1991) or angular momentum
was lost during expansion.
4. DISCUSSION
4.1. The Starburst Model for the GC lobe
I now show how well existing models describe the ob-
servations of the outflow. First I consider the canonical
starburst outflow model, one of the most widely observed
origins of outflows in the local universe (Veilleux et al.
2005).
The range of estimated energies required to create the
GC lobe is consistent with the energy input by super-
novae and stellar winds in the GC region. The gravita-
tional and thermodynamic energy estimates range from
an equivalent of (25 − 250)/ξ0.2 of the canonical, 1051-
erg, type-II supernovae, where ξ0.2 is the thermalization
efficiency scaled to a value of 0.2 (Stevens & Hartwell
2003; Veilleux et al. 2005). The supernova rate in the
GC region has been estimated to be roughly 10−5 yr−1
by (1) the need for an energy source for the diffuse, 0.8-
keV gas in the GC region and (2) scaling the Galactic
supernova rate to the central 20 pc by mass (Muno et
al. 2004; Launhardt et al. 2002). For a formation time
of about 107 years, of order 100 supernovae are expected
to occur in the central 20 pc. So the energy required to
form the GC lobe is comparable to that expected from
GC supernovae during its formation.
Stellar winds are also a significant source of power in
the GC region. Chevalier (1992) noted that the hot stars
in the central parsec of the Galaxy have a wind power of
roughly 5× 1037 ergs s−1. The dozen or so stars consid-
ered in that work could power the GC lobe if it operates
for 1.6 × 108/ξ0.2 yr. The mass loss by windy stars ob-
served in the central parsecs is now known to be a few
times larger and includes massive clusters of stars (Ghez
et al. 2005; Figer et al. 1999). Thus, the total stellar wind
energy input to the GC lobe (and hence, time scale for
its formation) is comparable to that of GC supernovae.
Interestingly, since the current stars and supernovae can
power the GC lobe, no dramatic increase in star forma-
tion rate is needed to explain its formation. The term
“starburst” may be an overdramatic description of what
formed the lobe.
The observed pressures from the central parsec out to
the GC lobe are also consistent with a model powered by
stellar winds in the central parsecs (Heckman et al. 1990;
Chevalier 1992). The thermal pressure in the GC lobe
is consistent with the trend noted in Chevalier (1992),
which found P/k ≈ 3× 106 K cm−3 outside of r ≈ 4 pc
and rising 2 orders of magnitude in the central parsec.
In this model, the shell of the GC lobe represents the
contact discontinuity where the outflow meets the ISM.
The model predicts that the magnetic pressure will begin
to dominate the total pressure outside the termination
shock, which could explain the sychrotron-emitting shell
of the GC lobe. The estimated equipartition magnetic
field pressure is about 1/3 the thermal pressure in the
GC lobe, but they may in fact be in equilibrium if the gas
has a low filling factor or high proton-to-electron energy
density ratio (LaRosa et al. 2005; Beck & Krause 2005).
The small gas velocities (. 10 km s−1) in the GC lobe
do not exclude any outflow models. While typical edge-
on extragalactic outflows have emission line-of-sight ex-
pansion of more than 200 km s−1 (Heckman et al. 1990),
the GC lobe is in a much different environment. Mar-
tin (2005) observe starburst outflow velocities that scale
roughly as SFR0.35, which implies that a putative GC
outflow would be several times smaller than canonical
outflows (e.g., (5/0.02)0.35 ≈ 7 times smaller than M82;
Heckman et al. 1990; Figer et al. 2004). Furthermore,
the expansion velocity of the GC lobe might be expected
to be relatively small, since extragalactic outflows tend
to be collimated near the galactic plane (Chevalier &
Clegg 1985; Suchkov et al. 1994). In one case where the
M82 outflow was observed on 200 pc size scales, the out-
flow velocity was about ∼ 50 km s−1 (Shopbell & Bland-
Hawthorn 1998). Alternatively, the low velocity of the
gas is also consistent with the “neutral outflow” model
associated with individual super star clusters (Tenorio-
Tagle et al. 2006); this is discussed futher in §4.3.1
Because of its small size, the GC lobe is difficult to
compare to other outflows. A good extragalactic ana-
logue of the GC lobe might be the outflow in the nearest
starburst galaxy, the dwarf irregular IC 10 (Thurow &
Wilcots 2005). That outflow is composed of a nonther-
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mal radio continuum lobe with a diameter of about 200
pc that is filled with ionized gas (Yang & Skillman 1993;
Thurow & Wilcots 2005). The IC 10 superbubble is also
similar to the GC lobe in that it has no clear sign of ex-
pansion; it has a kinetic (turbulent) energy of 5 × 1052
ergs and age of roughly 7× 106 years.
4.2. Other Models
Active galactic nuclei (AGN) are also often observed to
power nuclear mass outflows (Veilleux et al. 2005). The
black hole at the center of the Milky Way, Sgr A*, has
a mass comparable to that seen in typical AGN (e.g.,
Ferrarese et al. 2001), suggesting that Sgr A* can emit
intense radiation and launch powerful jets. However, jet-
powered outflows tend to be narrower near the disk than
beyond, where interaction with ambient material reduces
the outflow momentum and the ambient gas pressure is
lower (Veilleux et al. 2005). The width of the GC lobe
is similar in the plane as away from the plane and is
brighter at its eastern and western edges than at its apex,
which is inconsistent with the canonical jet-powered out-
flows (e.g., Perley et al. 1984).
Another possibility to power a GC mass outflow is via
the escape of its pervasive hot plasma (Koyama et al.
1996; Muno et al. 2004). X-ray observations have found a
very hot, 8 keV gas throughout the GC region. Its origin
is not known, but it is too energetic to remain bound to
the Galaxy (Muno et al. 2004; Belmont et al. 2005). It
is possible that as this gas escapes from the Galaxy, it
creates the structure seen as the GC lobe. Unfortunately,
testing the 8 keV gas model is difficult, since the origin
of the gas is not well known. One possible source for
heating the gas is viscous heating by molecular clouds,
which could power the GC lobe if it operated for 3× 107
yr (Belmont et al. 2005; Belmont & Tagger 2006); this
time is similar to the (uncertain) age of the GC lobe. In
most respects, the escape of 8 keV gas would have similar
signatures as the starburst model, since they both involve
the buoyant escape of overpressurized gas. One possible
way to distinguish between the two models may be to
search for 8 keV gas inside the GC lobe, but distinct
from the Galactic plane.
Finally, we consider that the GC lobe is powered by
a magnetodynamic effect called the “magnetic twist”
(Uchida et al. 1985; Shibata & Uchida 1987). Simu-
lations have shown that the interaction of orbiting gas
clouds in a predominately poloidal (vertical) magnetic
field can create a pinched magnetic field configuration.
This configuration can push ionized gas away from the
Galactic disk by the J × B force, possibly creating an
outflow (Uchida et al. 1985; Shibata & Uchida 1987).
Observations have found that the magnetic field in the
GC region is perturbed by dense gas, consistent with
the magnetic twist model (Yusef-Zadeh & Morris 1988;
Chuss et al. 2003). However, the magnetic twist mecha-
nism was developed to duplicate the morphology of the
GC lobe, so a quantitative comparison to observations is
difficult. Also, it isn’t clear how the model would pro-
duce the layered structure of the GC lobe. Thus, more
work is needed before applying the magnetic twist model
to the formation of the GC lobe.
4.3. Remaining Questions
4.3.1. The Layered Outflow
While the GC lobe clearly has layers of different types
of emission, the reason for this layered structure is not
clear. Central to understanding this structure is knowing
whether the radio and optical recombination line emis-
sion is shock- or photo-ionized.
As discussed in Law et al. (2009), the number of ion-
izing photos from hot stars in the GC region can explain
the radio recombination line emission. If the GC lobe is
photoionized, the offset in the ionized and dusty layers
implies that the ionization can’t reach the dust layer be-
cause it is ionization bounded (Rodr´ıguez et al. 2009).
In this case the GC lobe may be thought of as a massive
neutral outflow, such as observed around super star clus-
ters (Gonza´lez Delgado & Pe´rez 2000; Tenorio-Tagle et
al. 2006). As these outflows are much less energetic than
supersonic starburst winds, they are not shock ionized or
heated enough to produce soft X-rays.
A supersonic outflow, typical of extragalactic star-
bursts, may also explain the layered structure of the
GC lobe. Simulations of supersonic winds have shown
how they tear ambient clouds into shock-ionized fila-
ments that emit Hα and soft X-rays (Cooper et al. 2009;
Veilleux et al. 1994; Shopbell & Bland-Hawthorn 1998).
If the GC lobe is shock ionized, the ionized layer may
trace the portion of the outflow that has had time to ion-
ize, which occurs over several times 105 years (Cooper et
al. 2009). Meanwhile, at the contact discontinuity, the
gas is piled up, but does not yet emit radio or optical
recombination lines.
These two models for the GC lobe can be distinguished
by their soft X-ray emission or line ratios of ionized
species. If the outflow is supersonic, the gas is shock
ionized and soft X-ray emission is expected to be coinci-
dent with the Hα emission. If no soft X-ray emission is
found coincident with the Hα emission, the gas must be
photoionized. Alternatively, the ratio of certain forbid-
den and recombination lines can be modeled to measure
the amount of shock heating in the ionized gas (Veilleux
et al. 2005).
4.3.2. AFGL 5376
AFGL 5376 is an extended infrared source discovered
by IRAS near the GC that seems to be a shocked molecu-
lar cloud (Uchida et al. 1990, 1994). Uchida et al. (1994)
show that radio continuum emission of the GC lobe is
coincident with a shock in AFGL 5376, suggesting that
they are related.
While the morphology suggests that these sources are
interacting, the direction of causality is unclear. Uchida
et al. (1994) note that the shock in the molecular gas in
AFGL 5376 could ionize it and generate the radio con-
tinuum of the western part of the GC lobe. While the
present data confirm that there is thermal radio contin-
uum emission near AFGL 5376, it is also part of a struc-
ture that is predominately nonthermal. The causal rela-
tion between AFGL 5376 and the GC lobe, is more clear
when considering the radio recombination line emission
found throughout the region. Since there is no way for
AFGL 5376 to create the ionized gas that fills the GC
lobe, the GC lobe must exist independently of AFGL
5376.
One possibility is that AFGL 5376 is the result of a
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collision between a molecular cloud with the GC lobe.
The molecular gas in AFGL 5376 is peculiar in that it is
massive (106 M) and moves at more than 122 km s−1
counter to Galactic rotation (Uchida et al. 1994); this
makes it likely to have an energetic collision with am-
bient, co-rotating gas. If this is an overrun cloud, high
resolution (<1 pc) observations of an ionized gas tracer
may find filaments of emission, as seen in simulations
(Cooper et al. 2009) and other starburst outflows (Shop-
bell & Bland-Hawthorn 1998).
4.3.3. Double Helix Nebula
Recent mid-IR observations with Spitzer have found a
pair of twisted filaments about 25 pc in length called the
“double helix nebula” (DHN; Morris et al. 2006). The
twisting of the DHN strongly suggests that its structure
is dominated by magnetic forces. The DHN is also clearly
associated with the GC lobe because it makes up the
brightest mid-IR emission in its eastern half. The model
proposed for the DHN is that of a Alfve´n wave propagat-
ing from the molecular gas in the central parsec of the
Galaxy and is unrelated to the GC lobe (Morris et al.
2006).
The nature of the DHN is still unclear and it might not
conflict with the outflow model for the GC lobe. The
model of the DHN as an Alfve´n wave requires propa-
gation from the central parsec, but there is little mor-
phological evidence for such a propagation. Morris et al.
(2006) identify two features in the 8 µm MSX map of the
GC region that could indicate a path, but at least one
of the features is also seen in optical Hα emission and is
thus likely to be in the foreground (Stolovy et al. 2006).
Indeed, the idea that the DHN is created by magnetic
forces is consistent with its location in the edge of the
GC lobe, where, as discussed in §4.1, we expect a stronger
magnetic field. An alternate possibility is that the wavy,
filamentary structure of the DHN is similar to the struc-
tures seen in optical emission lines at the shock fronts
of the SNRs (e.g., the Cygnus Loop; Blair et al. 1999).
These structures arise naturally as the shock front prop-
agates into an inhomogeneous medium and may shape
the shell of the GC lobe.
Interestingly, the DHN is adjacent to a wavy, 6 cm
continuum feature called G0.03+0.66 (Law et al. 2008a).
G0.03+0.66 has a flat, thermal spectral index. The
nested, thermal radio emission with mid-IR emission is
consistent of the general structure of the GC lobe de-
scribed here, which suggests that the DHN may sim-
ply be fine-scale structure in the GC lobe. If so, high-
resolution observations of dust emission will find ana-
logues of the DHN.
4.3.4. Asymmetries
The center of the GC lobe is offset to the west of Sgr
A* by 0.◦3–0.◦4 ≈ 40–55 pc. The starburst outflow model
can explain such an offset, since the star formation need
not be at the dynamical center (Veilleux et al. 2005).
An offset like this may also explain the lack of an ob-
vious southern counterpart to the GC lobe, as has been
observed in other galaxies (Shopbell & Bland-Hawthorn
1998).
The eastern offset of the GC lobe from Sgr A* may also
help explain its internal asymmetries. Assuming that the
center of the GC lobe is the center of the outflow, one
can imagine that the eastern and western sides of the
outflow have encountered drastically different conditions
during their expansion. The large polarization fraction
and connection with the unusual Radio Arc in the east
of the GC lobe may be the result of the expansion of
the outflow through the relatively dense gas and possibly
stronger magnetic field in the central few parsecs.
Curiously, the spatial distribution of nonthermal radio
filaments has a similar offset as the GC lobe (Yusef-Zadeh
et al. 2004). Studies of the distribution of rotation mea-
sure values observed toward radio continuum emission in
the GC region may also be be offset (Novak et al. 2003).
One possibility is that the outflow has temporarily per-
turbed the GC magnetosphere from its intrinsic configu-
ration (Ferrie´re 2009). This hypothesis will be discussed
in detail elsewehere (Law et al. 2010).
5. CONCLUSIONS
I have conducted a multiwavelength observing program
to study the GC lobe and determine if it is a signature
of an outflow from the GC region. The new observa-
tions show that the GC lobe has a layered structure with
concentric shells of emission of mid-IR, radio continuum,
and optical and radio recombination lines. The morpho-
logical, spectral, and physical properties of the GC lobe
show that it is a coherent object in the GC region. I
calculate the energy and time required to create the GC
lobe and compare its characteristics to models of nuclear
outflows. The canonical starburst model best explains
the properties of the GC lobe, although the outflow may
not be supersonic as in typial extragalactic starburst out-
flows. The energy output by current star formation and
supernovae can power the GC lobe.
If the GC lobe is indeed a nuclear outflow powered by
stellar winds and supernovae, it is the closest example of
such a phenomenon. This opens the possibility of study-
ing an outflow at extremely high physical resolution, po-
tentially expanding our understanding of how they work.
New observations of X-rays or forbidden-line transitions
should clarify whether the outflow is supersonic or may
be described by a less energetic outflow, such as expected
from super star clusters. The relatively small size of the
GC lobe also allows us to explore a type of outflow that
is difficult to see in other galaxies. The fact that the GC
lobe would be difficult to detect in even the nearest spi-
ral galaxies suggests that this type of outflow could be
common.
The mechanism for periodic infall of mass to the central
parsecs (Stark et al. 2004) suggests that the GC region
may undergo cycles of activity (Almy et al. 2000; Yusef-
Zadeh et al. 2004). It may be that the GC lobe is just
the most recent example of a long series of Milky Way
nuclear starburst outflows.
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TABLE 1
Observed and Calculated Parameters for GC lobe, Assuming Shell
Morphology
Observation r δ B Cideal Cobs Notes
(pc) (pc) (pc)
HCRO Recombination line 40 15 23 1.5 1.5–3 at b = 0.◦5
GBT Recombination line 40 15 5.8 2.1 3–7 at b = 0.◦45
GBT 6 cm Continuum 55 15 5.8 2.4 2.2–2.6 at b = 0.◦45
GBT 20 cm Continuum 55 15 21 1.8 1.2–1.4 at b = 0.◦45
Spitzer 8µm 65 5 0.08 5.2 > 3a at b = 0.◦56
aThe emission from the center of the GC lobe seems to be mostly foreground
emission. Thus, the observed contrast is a lower limit to the contrast associated
with the shell itself.
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Fig. 1.— Left : 20 cm GBT image of the central degree of the Galaxy. The GC lobe appears as two columns of emission at l = 359.◦3 and
0.◦1; at 20 cm, the columns are most visible north of b = 0.◦3. The 20 cm map also shows a weak cap to the GC lobe near b = 1◦. Contours
are at levels of 12, 14, . . . , 24, 30, 40, 60, 80, 100 Jy beam−1. Right : 6 cm GBT image of the same region; the top of the GC lobe is not
covered by this survey. Contours are at levels of 0.02 ∗ 2n Jy beam−1, with n = 0 − 8.
Fig. 2.— GBT images showing the GC lobe at 3.5, 6, and 20 cm. Circles in each image show the approximate location at which spectral
index measurements were made. Note that at some locations, the GC lobe is confused with other well-known GC objects, such as Sgr C
or the Arches; these areas are labeled in Fig. 3.
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Fig. 3.— Top panels: The 20/6 cm and 6/3.5 cm spectral indices (“α20/6cm” and “α6/3.5cm”, respectively) of the GC lobe as a function
of Galactic latitude for the eastern and western halves of the GC lobe. These panels show the results of a background-subtraction method
for estmiating the peak brightness. Square symbols show the 20/6 spectral index and triangles show the 6/3.5 spectral index. The vertical
dotted line shows a thermal-like spectral index of –0.1; a nonthermal spectral index lies left of this line. Ranges in galactic latitude where
the GC lobe might be confused with other sources are labeled with vertical bars and the name of the confusing source. Middle panels:
Same as for the top panels, but with a background estimated close to the peak brightness of the GC lobe. Bottom panels: Same as for the
top panels, but using the Gaussian-fit technique.
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Fig. 4.— Plot of the brightness at 6 cm (“C band”, bottom) and 20 cm (“L band”, top) for a slice across the GC lobe at b = 0.◦24,
convolved to the same resolution. The spectral index for the GC lobe emission measured from the slices is shown with crosses. The dashed
line shows the best-fit background line fit to each slice, ignoring the GC lobe emission (shown with the dotted line). To reduce confusion,
only points with spectral index error less than 1 dex are plotted. The spectral index is highest near the peaks of the 6 and 20 cm brightness
and lowest between the peaks (i.e., “inside”, assuming a shell geometry).
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Fig. 5.— Left : SHASSA continuum-subtracted Hα image toward the GC lobe with Galactic coordinates. The bar at bottom shows the
intensity scale in deciRayleighs. Right : GBT 20 cm radio continuum image, similar to that shown in Fig. 1. For reference, the lines in
both panels traces the shell of the radio continuum emission observed at 20 cm.
Fig. 6.— Grayscale shows a portion of the Spitzer/IRAC 8 µm image and contours show GBT 6 cm continuum emission around the GC
lobe. Dashed lines show the latitudes at which slices were taken across the GC lobe for Fig. 7; only a portion of the slices are shown here
to avoid confusing the image.
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Fig. 7.— Left : Normalized flux slices of GBT 6 cm continuum (dashed line) and Spitzer/IRAC 8 µm (solid line) for six latitudes across
the GC lobe. The bottom slices show the lowest latitude and subsequent slices are vertically offset by 1 for clarity. The slices are over
identical longitude ranges at a single galactic latitude, which is indicated for each pair. The slices were calculated for a small range of
latitudes and median filtered (by pixel) to remove compact sources. The peak flux for the eastern and western halves of each slice are
shown with stars, where they represent the peak flux of the GC lobe. The lower latitude slices do not have a clear GC lobe counterpart in
the mid-IR on the west side, so no stars are plotted there. The slices show that the peak of the 20 cm emission is shifted relative to the
8µm emission at all latitudes. Right : Same as the left side, but comparing smoothed MSX 15 µm (“D-band”) slices to the Spitzer/IRAC
8 µm slices. The slices show that the peaks of the 8 µm and 20 µm emission are roughly coincident.
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Fig. 8.— Schematic of the multiwavelength structure of the GC lobe and GC region. The red lines show the contours of radio
recombination line emission (Law et al. 2009), the blue schematically shows the radio continuum emission, and the green hatch marks show
the mid-IR emission associated with the GC lobe. The blue crosses show where the brightest H II regions and the thick blue line shows
where the brightest emission of the Radio Arc.
